At the transition between growth plate cartilage and the endochondral bone region, transverse septa are being eroded to allow the advance of invasive capillaries. To find out whether resorption is due to proteinase activity, tissue sections prepared from the growth platelmemphyseal interface of young rats were immunostained with antibodies to the cysteine proteinase cathepsin B. Intense staining was found in a cell that is associated with the growing portion of the invasive capillaries and extends between them and the transverse septum. This cell has a single nudeus, actively synthesizes protein, and shows two other characteristic features: the cytoplasm is packed with multivesicular and dense bodies rich in cathepsin B, and the cell apex ends in a ~ffld bor-der extending into the transverse septum amid signs of dissociated extracellular matrix. Even though the d e d border resembles that of the osteoclast, the cell was not immunostained by a monoclonal antibody that recognizes a 97 w protein known as ED1 which characterizes rat osteoclasts, monocytes, and macrophages. Therefore, this distinctive cell produces the proteinase cathepsin B and appears to be involved in the resorption of the transverse septum. The cell has been named the "septodast." (J Hisrochem Cytochem &:525-536, 1995) KEY WORDS: Cartilage; Chondrocyte; Cartilage degradation; Proteinases and cathepsin B.
Introduction
The replacement of cartilage by bone during endochondral bone formation requires the resorption of cartilage. In long bones, this process takes place at the interface of the epiphyseal growth plate and the metaphysis and progresses in two ways (Schenk et al., 1967; Dodds, 1932) . First, the longitudinal septa that extend from the plate into the metaphysis are resorbed by osteoclasts, although about 50% of their cartilage persists to serve as the substrate for bone deposition (Schenk et al., 1967) . Second, the transverse septa that lie directly at the interface are also resorbed, but the cell involved in this resorption is not known.
Historically, and more particularly, from the light microscopic studies of Dodds (1932) . it has been speculated that dissolution of the transverse septum is associated with a flattened stellate cell of primitive connective tissue that is located between the capillaries and the transverse septum. With electron microscopy, Anderson and Parker (1966) assigned transverse septum erosion to an "invasion complex" that includes immature cells (proposed as potential stem cells for osteoclasts, osteoblasts, and perhaps histiocytes), endothelial cells, and macrophages. Some authors have described the presence of pericytes, or cells that have also been called "perivascular" cells (Schenk et al., 1967 (Schenk et al., ,1968 , whereas Hunter and Arsenault (1990) failed to see these cells next to the transverse septum. All in all, the studies are few, and the findings are difficult to interpret. Perhaps because of this, there has been a tendency to assign the dissolution of the septum to erosion by the vessels (Poole, 1993; Howell and Dean, 1992; Warshawsky, 1982) .
In mammals, the collagen-proteoglycan network of uncalcified cartilage is usually resistant to resorption, and this is fundamental to the continued maintenance of all non-transient hyaline cartilages found in the skeleton (Moses et al., 1990; Silvestrini et al., 1979; Sorgente et al., 1975) . Because the transverse septum is generally uncalcified and is nevertheless resorbed, it is important to know how this resorption is achieved.
A possible mechanism for the resorption of transverse septa is the action of a proteinase such as cathepsin B, which is one of the best-characterized mammalian cysteine proteinases (Barrett et al., 1988) . It is synthesized as a high molecular weight precursor before conversion to its active mature forms in the lysosome. The main role of cathepsin B is believed to be intracellular protein degradation, but there is also evidence for cysteine proteinase in cartilage pathology (Buttle et al., 1993; Van Noorden et al., 1988) . Moreover, osteoclasts secrete cathepsins B and L for the resorption involved in bone turnover (Goto et al., 1993; Sasaki and Ueno-Matsuda, 1993 ; Vaes et al., 1992;  Delaisse et al., 1987) . Furthermore, in vitro studies on cartilage have shown cathepsin B to be capable of degrading both proteoglycan subunits (aggrecan) and the link protein that stabilizes the interaction between hyaluronate and aggrecan in cartilage (Nguyen et al., 1990) . Finally, cathepsin B can activate other proteinases (i.e., pro-collagenase, pro-stromelysin, and pro-plasminogen activator (for review see Poole, 1993) , which in turn degrade a broad spectrum of substrates.
Given these various possibilities, it seemed possible for cathepsin B to have a role in the degradation of uncalcified growth cartilage during resorption. We used a polyclonal antibody raised against recombinant rat cathepsin B (Rowan et al., 1992) to test this hypothesis. The recombinant pro-cathepsin B was produced in Saccharomyces cereviszize. The active site cysteine of the pro-enzyme had been replaced by a serine residue (Cys29Ser). thereby preventing normal autoprocessing to a mature active enzyme and thus allowing purification of pro-cathepsin B to homogeneity for immunization. Normally, mature cathepsin B is a poor immunogen in rabbits, and the resultant antisera recognize only the denatured enzyme (Mort et al., 1981; Barrett, 1973) . In contrast, the proenzyme was found to be a good immunogen and yielded antisera that recognized both the latent pro-enzyme and the mature active enzyme (Rowan et al., 1992) . This antiserum, used in conjunction with immunocytochemical techniques, enabled us to identify and to characterize a population of cells that are rich in cathepsin B and are tightly associated with the areas of transverse septum resorption. This report describes the structure of these cells, their relationship to the growth plate, and the dissolution that occurs at their sites of contact with the transverse septum.
Materials and Methods
A polyclonal antiserum to rat procathepsin B was prepared in rabbits as previously described (Rowan et al.. 1992) . Immunodiffusion analysis and an activity depletion assay have demonstrated that this antibody recognizes both active cathepsin B and the latent pro-enzyme, as well as their denatured forms (Rowan et al., 1992) . Non-immune rabbit antiserum served as a control. Ascites fluid of monoclonal antibody (MAb) ED1 was purchased from Serotec (Toronto. Ontario, Canada). Mouse non-immune myeloma protein (IgGI) was purchased from Zymed through Dimension Labs (Toronto, Ontario, Canada). Reagents were a goat anti-rabbit IgG (Auroprobe GAR 10) or a goat anti-mow IgGlIgM labeled with 10-tun gold (Auroprobe GAM 1 0 Amersham Canada, Oakville. Ontario, Canada).
Tissue Preparation and Immunostaining. Growth plate cartilage and the adjoining region of the metaphysiswere dissected from the distal femurs and proximal tibias of 8-, IS-. and 21-day-old Spraguc-Dawley rats (n = 4 per group; Charles River. St. Constant, Quebec, Canada). For routine light and electron microscopy, the tissue was prepared by either a single sagittal cut through the epiphysis, thereby dividing it into two equal sized parts, or by cutting multiple sagittal slices -1 mm thick and 2-3 mm long. All tissue samples were fixed by immersion for 2 hr at room temperature (RT) in 2% glutaraldehyde (wlv in 0.1 M Sorensen's phosphate buffer or wlv in 0.1 M sodium cacodylate buffer, pH 7.3). Post-fixation was done in potassium ferrocyanide-reduced Os04 as described prwiously (Lee et al.. 1990) . After dehydration in alcohol, the samples were embedded in Spurr orJEMbed epoxy resin UBEM Services; Montreal, Quebec, Canada). Semithin section were stained in 1% toluidine blue, whereas ultra-thin sections were stained with aqueous uranyl acetate and lead citrate before examination in a Philips 400 electron microscope at 80 kV. For immunocytochemis- try, sagittal slices were immersed in freshly prepared 4% formaldehyde and 0.1% glutaraldehyde (wlv) in PBS. pH 7.3. for 2 hr at 4°C. Some preparations were decalcified in 10% E m A (wlv in 0.1 M Tris buffer, pH 6.95) for 6 days at 4'C, and dehydration was done in acetone before the tissue was embedded in LR White acrylic resin (hard grade) according to the manufacturer's directions (London Resin; Basingstoke. UK). Immunoreagents were applied to glass-mounted tissue sections. Antiserum to cathepsin B or non-immune serum was applied at a dilution of 1:400 for 1 hr at RT. To characterize osteoclasts, the MAb ED1 and. for control, non-immune mouse myeloma protein were used at the same concentration (3.1 pglml). Auroprobe reagents (diluted 1:10) were applied to the tissue sections for 1 hr at RT. All steps were separated by washing in 0.1% BSA (wlv in PBS). blocking was done using non-diluted whole goat serum, and immune com-. . Toluidine blue staining is largely lost in the transverse septum (small arrowheads) where the septum is tightly packed against cell processes (cp). These processes belong to the apical cell or septoclast bordering the growing portion of the vessel [cap(g)]. One process is traced within the sequential sec- and Nogaard, 1983) .
Light Microscopic Autoradiography. To investigate protein synthesis. two 21-day-old rats were given a single tail vein injection of [3H]proline (L(2.3 jH), 48 pCi/g body weight. specific activity 35.2 Cilmmol; NEN-Dupont. Boston, MA), and both animals were sacrificed 20 min after injection. The tissue was prepared as was described under routine light microscopy, and semi-thin sections were pre-stained with Regaud's iron hematoxylin before coating with Kodak NTB2 nuclear track emulsion (Intersciences: Markham, Ontario. Canada) and exposure at 4°C for 21 days (Lee and Leblond, 1985) .
Results

Interface Between Endochondral Cartilage and the Metaphysis
The longitudinal vessels of the metaphysis abut the transverse septa, separating them from the last chondrocyte of the growth plate (Figure 1) . In the 21-day-old rat, the vessels are dilated to a width of 34.3 pm 21.5 pm (SD); n = 100. For description, the longitudi-.nal vessels were divided into two portions as outlined in Figure 2a . The first, designated as the growing portion, is approximately 50 pm long and extends from the last transverse septum to the site at which osteoblasts begin to align on the surface of the calcified cartilage spicules, as shown at lower left in Figure 2a . The second or non-growing portion is continuous with the former but extends for an equivalent distance beyond the alignment of osteoblasts. Both portions are associated with a discontinuous layer of flattened cells, hereafter called bordering cells (Figure 1, arrowhead) . Those cells associated with the growing portion of the vessel are hereafter called apical bordering cells. These cells are mononuclear, unvacuolated, and tightly associated with the capillary tips. They are therefore structurally distinct from the osteoclasts, which are large. possess multiple nuclei and vacuolated cytoplasm, and are rarely localized to the tip of the growing vessel (Figure 1 ).
Immunocytochemical Characterization of the Apical Bordering Cell
Localization with anti-cathepsin B produced intense immunogold-silver labeling in the apical bordering cell (Figures 2c-2e ). The specificity of this reaction was confirmed by the lack of immunogold-silver labeling when the primary antiserum was replaced by non-immune serum (Figures 2a and 2b) . These cells are long and spindle-like, measuring approximately 35 pm from tip to end (Figures 2b and 2e) . The single nucleus is in a central position ( Figure  2b) . Cells bordering the non-growing portion of the vessel, in con-531 trast, did not label with the antiserum to cathepsin B (Figure 2f ). Osteoclasts were stained, but much less intensely than the apical bordering cells (Figure 2d ).
We were intrigued by the observation that the bona fide resorptive cell of mineralized tissue, the osteoclast, and the cells bordering the growing portion of the vessel should both express cathepsin B. We hypothesized that the two cell types could share other features, and we examined whether the cathepsin B-rich cells also expressed a 97 KD cytoplasmic protein which, with the help of MAb ED1, had been localized to osteoclasts (Sminia et al., 1986a) as well as to monocytes and most free and fixed macrophages (Sminia et al., 1987; Polman et al., 1986; Sminia et al., 1986b; Dijkstra et al., 1985; van der Brugge-Gamelkoorn et al., 1985) . When sections of the cartilagelmetaphyseal interface were exposed to MAb EDI, two cell types stained, the osteoclast (Figures 3c and 3e ) and the cell bordering the non-growing part of the blood vessel (Figure 3d ). In contrast, the apical bordering cell remained unstained ( Figure  3e ). With non-immune IgGi, no cell staining was found ( Figures  3a and 3b) , confirming the specificity of ED1 staining of the osteoclast and the cells bordering the non-growing part of the vessel.
In conclusion, and with regard to the absence of ED1 staining, the apical bordering cells are distinct from the osteoclast and the cells that border the nongrowing part of the vessel.
Serial-sectioning Light Microscopy to Assess the Relationship of the Apical Bordering Cell to the Transverse Septum
The relationship between cell and septum was clearly demonstrated only when serial sectioning was used (Figures 4a-4d ). We thus observed that the apical bordering cell was usually in tight contact with the transverse septum. Moreover, there was a decrease in the intensity of toluidine blue staining of the portions of the septum adjacent to the cell (Figure 4a ). This indicates that proteoglycans are lost where the cathepsin B-rich bordering cell makes contact with the septum (Figure 4a ).
Autoradiographic Demonstration of Active Protein Synthesis by the Apical Bordering Cell
The apical bordering cell was intensely labeled with silver grains at 20 min after a single injection of (3HI-proline (Figure 5a ). The endothelial cells and the osteoclasts, in contrast, were only moderately labeled (Figure 5a ). Therefore, of the cells in the vicinity of the growing vessel (Figures 5a-5c ), the cathepsin B-rich cells appear to be the most active in protein synthesis.
Electron Microscopic Descrz)tion of the Apical Bordering Cell and Its Relationship with the Transverse Septum
The apical bordering cells were defined in the electron microscope by their single nucleus, narrow elongated cytoplasm, and close contact with the growing portion of the longitudinal vessels ( Figure  6 ). Two other distinguishing features were noted. First, the cell contained a large number of dense and multivesicular bodies (Figures . , , j . . I , .. . . . ..+. ,
I .
6-9). Dense bodies varied in diameter from 35 to 500 nm; they were delimited by a single membrane and were found throughout the cytoplasm, but usually not in the apical region of the cell, which showed the lack of organelles characteristic of "ectoplasm" (Figures  7 and 8 ). The same intracellular distribution was true for multivesicular bodies; these bodies were spherical to oval, had diameters of 150-400 nm, and included avariable number of small vesicles embedded within a matrix of moderate electron density (Figure 9 ). The second distinguishing characteristic was the ruffled border at sites of contact with the contiguous transverse septum ( Figures  6-9 ). Here the cytoplasm sent off projections whose thickness ranged from 60-500 t u n . The thinner ones were microvillus-like, and thicker ones appeared as sac-like outpocketings (Figures 6-8) . The projections were supported by an inner core of fine filaments 60-130 A in diameter. In the microvillus-like projections, microfilaments were arranged in parallel to the long axis of the projection, whereas in the saccular projections their orientation appeared to be random (Figure 7 ) . Thin and thick projections were in continuity with the ectoplasm (Figure 7 ) . They encroached on the transverse septum so that their outer surfaces were in intimate contact with its compo-
Electron Microscopic Localization of Cathepsin B
The distribution of cathepsin B was resolved by immunoelectron microscopy (Figures loa and lob) . Despite technical difficulties with tissue preservation, it was possible to identify dense bodies as well as major organelles in the apical bordering cell. The stained structures were identified as dense bodies (Figures loa and lob) . Few or no gold particles were found on the cisternae of the rough endoplasmic reticulum and on the Golgi apparatus. Therefore, the antiserum was localized essentially to dense bodies.
In conclusion, a population of cells located tightly between the growing portion of the longitudinal vessels and the transverse septum is rich in cathepsin B but negative for a 97 KD protein that has previously been used to identify osteoclacts, monocytes, and macrophages in the rat. This distinctive apical bordering cell resides at the leading edge of the growing vessel and is in close contact with the transverse septum. The regions of the septum in contact with the ruffled border show signs of dissociation. Given these combined observations, we propose that the cathepsin B-rich cell be named the "septoclast." nent collagen-proteoglycan network, which showed changes indicative of degradation (Figure 8 ). In some cases, the adjacent septum was in an advanced state of degradation (Figure 9 ).
Discussion
The mechanisms underlying the dissolution of the transverse sep- tum that is tied to vascular invasion of cartilage during mammalian long bone growth are poorly understood. Although it has been assumed for some time that proteinases are likely to play a role, their identity and the cells responsible for their secretion are largely unknown. The present report initiates studies on proteinase involvement by investigating the hypothesis that the cysteine proteinase cathepsin B has a role in the dissolution of the transverse septum. With antibodies raised to recombinant pro-cathepsin B and capable of recognizing active mature cathepsin B. it was possible to identify these proteins by an immunogold localization technique. We found labeling to be concentrated in cells, the only intensely labeled of which was the apical bordering cell located in the exact position expected for the, dissolution of terminal transverse septa. In particular, the electron microscopic figures show the ruffled border of the cell within the cartilage of the transverse septum amid signs of dissociation of its proteoglycan component. It was therefore concluded that the cathepsin B-rich cell is specialized in the resorption of transverse septa, and it was named the septoclast.
Cathepsin B resides in most cell types within the acidic environment of the lysosome, where it degrades protein (Barrett et al., 1988) . Because the labeling of the apical bordering cell was restricted to lysosomes, it was likely that its label was due to cathepsin B and not to pro-cathepsin B. as the latter is rapidly converted to mature enzyme within the lysosome. Accordingly, the septoclast can be described as a cathepsin B-rich cell. In tissues undergoing rapid extracellular matrix turnover, such as the involuting uterus, in wound healing, and in the peridontal ligament (for review see Birke-dal-Hansen et al., 1993) , lysosomes play a pivotal role in the degradation of phagocytosed collagen fibrils. In the septoclast, however, we saw no evidence to suggest the internalization of fibrillar collagen or proteoglycans. Instead, our observations pointed towards the extracellular breakdown of these cartilage components. Although our routine electron microscopy results suggested exocytosis along the septoclast surface and at the site of resorption (Figure 9) , it was uncertain whether cathepsin B was contained within the 50nm-wide membrane granules that appear to fuse with the plasma membrane. Therefore, although cathepsin B was clearly shown in abundance within the septoclast, where it was localized to large dense bodies (Figures 10a and lob) , thus far we have been unable to demonstrate its presence extracellularly, perhaps because the enzyme is low in concentration or because it diffuses out of the tissue as it is passed through the various preparative solutions used for microscopy.
Although we presently favor an extracellular role, we also recognize from in vitro experimentation done by others that cathepsin B can activate the zymogens pro-plasminogen activator (Kobayashi et al., 1991) , pro-stromelysin (Murphy et al., 1992) , and pro-collagenase (Eeckhout and Vaes, 1977) . These activated proteinases could then leave the cell and be the effective agent in the dissolution of the septum. Therefore, if cathepsin B were to activate a cascade pathway, it could play a role in septal dissolution without leaving the cell.
Although under the conditions of our study osteoclasts appeared to express much less cathepsin B than did the septoclast, it is known that on activation osteoclasts can synthesize increased amounts of this proteinase (Delaisse et al., 1984; Vaes, 1965) , as do activated macrophages (Banati et al.. 1993) . A priori, the septoclast could therefore be either a macrophage or related to the multinucleated osteoclast. This was not the case with the anti-ED1 antibody specific for the 97 KD protein present in cells of the rat monocyte-macrophage lineage, including osteoclasts. The reactivity was intense in osteoclasts and bone marrow cells presumed to be monocytes and macrophages, but nil in septoclasts. The absence of reaction in the septoclast indicates that it is neither an osteoclast, a monocyte, nor a macrophage, and confirms its distinctiveness.
Hypertrophic chondrocytes synthesize and secrete a number of different metalloproteinases, and the possibility exists that degradative changes may commence within the septa before the attack by septoclasts from the metaphysis. In unpublished studies, we have observed terminal chondrocytes to give rise to a long cellular process that appears to puncture the last transverse septum from within the growth plate. Nevertheless, the border of the septum in contact with the chondrocyte or the puncturing process remains sharply outlined, in contrast to the dissolution associated with the septoclast. Hence, even though the terminal chondrocyte may contribute in its own distinctive way, the septoclast appears to be a major contributor to the dissolution that is seen in young, rapidly growing animals, and specifically as it occurs from the metaphyseal side of the septum.
In summary, the results we describe here support the involvement of a mononuclear cell in the resorption of growth plate cartilage. These cells have been shown to exclusively border the apical growing part of the longitudinal vessel and to intensely label with anticathepsin B serum, thereby identlfying them as cathepsin B-rich cells. We have called the cathepsic-rich cells septoclasts, as we believe that these cells have a key function in the dissolution of uncalcified cartilage matrix. Although the mechanism of action of these cells awaits further characterization, we have found an anti-gen, i.e., cathepsin B, that appears to be a definitive marker permitting antibody recognition of the septoclast. It is intriguing, moreover, that the identifying antigen is a proteinase, and further still a proteinase that is capable of degrading cartilage proteoglycan.
